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Recently an improved limits on the electron electric dipole moment, eEDM, and dimensionless
constant, kT,P , characterizing the strength of the T,P-odd pseudoscalar−scalar electron−nucleus
neutral current interaction in theH3∆1 state of ThO molecule were obtained by ACME collaboration
[Science 343, 269 (2014)]. The interpretation of the experiment in terms of fundamental quantities
eEDM and kT,P is based on the results of theoretical study of appropriate ThO characteristics, the
effective electric field acting on electron, Eeff , and a parameter of the T,P-odd pseudoscalar−scalar
interaction, WT,P , given in [J.Chem.Phys. 139, 221103 (2013)] by St.Petersburg group. To reduce
the uncertainties of the given limits we report improved calculations of the molecular state−specific
quantities Eeff , 81.5 GV/cm, and WT,P , 112 kHz, with the uncertainty within 7% of the magnitudes.
Thus, the values recommended to use for the upper limits of the quantities are 75.8 GV/cm and
104 kHz, correspondingly. The hyperfine structure constant, molecule-frame dipole moment of
the H3∆1 state and H
3∆1 → X
1Σ+ transition energy which, in general, can serve as a measure
of reliability of the obtained Eeff and WT,P values are also calculated. Besides we report the
first calculation of g-factor for the H3∆1 state of ThO. The results are compared to the earlier
experimental and theoretical studies, and a detailed analysis of uncertainties of the calculations is
given.
INTRODUCTION.
The search for a permanent electric dipole moment
(eEDM) of electron is one of the most intriguing fun-
damental problems of modern physics. A nonzero value
of eEDM implies manifestation of interactions which are
not symmetric with respect to both time (T) and spatial
(P) inversions (T,P-odd interactions). The observation of
eEDM at the level significantly greater than 10−38 e·cm
would indicate the presence of a “new physics” beyond
the Standard model (see review [1–4] and references).
Popular extensions of the Standard model predict the
magnitude of the eEDM at the level of 10−26−10−29 e·cm
[1].
Several decades ago it was realized [5, 6] that very
prospective experiments towards the search of violation
of fundamental symmetries could be performed on heavy
atoms. It was noted soon that even more promising ex-
periments can be done on molecules containing heavy el-
ements [7, 8], and first experimental studies of “nuclear-
induced” T,P-odd interactions on TlF beam were per-
formed in Oxford [7, 9–11]. Systematic theoretical inves-
tigations of heavy-atom diatomic molecules with nonzero
total electronic momenta were started by the Novosi-
birsk and St.Petersburg groups some time later [12–17].
In these studies a unique enhancement mechanism of
T,P-odd electron-nuclear and “electron-induced” effects
based on mixing close Ω−doublet sublevels of opposite
parity was exploited. Soon, the experimental search
of eEDM on the YbF molecular beam was started at
Yale University by Hinds with colleagues [18], however,
only in 2011 the YbF experiments [19] gave more rigid
limit on eEDM (1.05· 10−27 e·cm) than the atomic Tl
beam [20] measurements (1.6· 10−27 e·cm). The latest
limit on the electron EDM, |de| < 8.7× 10−29 e·cm (90%
confidence), was set with the molecular beam of thorium
monoxide (ThO) molecules in the metastable electronic
H3∆1 state [21] exploiting unique advantages of this ThO
state in the eEDM enhancement and suppressing the ex-
perimental uncertainties. Besides, the experiment pro-
vided also a limit on the T,P-odd pseudoscalar−scalar
electron−nucleus (PSeN) neutral currents interaction
[21] dimensionless constant, kT,P < 5.9×10−9 (90% con-
fidence). It was estimated in Ref. [22] within the Stan-
dard model that the interaction can induce even greater
T,P-odd effect simulating the eEDM. Recently it was also
proposed in Refs. [23, 24] to use 229ThO to study T,P-odd
interaction of the quadrupole magnetic moment of the
229Th nucleus with electrons. Besides, a new series of ex-
periments is under preparation on the thorium monoflu-
oride cation, ThF+, (which is isoelectronic to ThO) by
E. Cornell group [25].
Actually, in the experiment [21] the limits on inter-
action energy of the electron EDM with the effective
electric field (Eeff , see text after Eq. (1)) on unpaired
electrons in ThO as well as the PSeN interaction en-
ergy were obtained. To get the limit on the eEDM and
kT,P the values of Eeff=84 GV/cm and WT,P=116 kHz
(a parameter characterizing the molecular state−specific
part of the later interaction, see Eq. (4)) were taken from
Ref. [26]. The theoretical uncertainties of Eeff and WT,P
were conservatively estimated in [26] as 15%. Nowadays
it is anticipated that sensitivity of the ThO experiment
can be considerably improved by as much as ∼ 2 orders
2of magnitude [27]. In particular, in Ref. [28] it was pro-
posed to use the second rotational level (rather than the
first one exploited in [21]) of the H3∆1 state to suppress
systematic errors related to magnetic fields since even a
complete coincidence of g-factors can be achieved for the
Ω doublet levels in this case in a certain external electric
field (zero (almost zero) g-factors difference can lead to
efficient suppression of main uncertainties in ThO exper-
iment). Therefore, an improved accuracy of the effective
electric field and other parameters which cannot be mea-
sured but required to interpret the experimental results
in terms of fundamental quantities is of interest. Re-
cently, some four-component (Dirac-Coulomb) multiref-
erence configuration interaction calculations (MRCI) of
Eeff in the H
3∆1 state of ThO molecule were performed
in Ref. [29] with a very small declared uncertainty for
Eeff , 3%.
Improvement of computational technologies to attain
a high accuracy for different properties of actinide com-
pounds is on the agenda for many application concerning
both fundamental and practical purposes. This is also a
motivation for us in context of studying the ThO prop-
erties, since the goals of the present research are:
(i) analysis of applicability of the most popular corre-
lation approaches, the coupled-clusters (CC) one, used
earlier in Ref. [26], and MRCI, applied in Ref. [29], to
get the best to-date values of Eeff and WT,P ;
(ii) discussion of theoretical uncertainties of the MRCI
and coupled-clusters calculations;
(iii) developing and applying a combined computational
scheme for a new series of precise studies of different
properties of ThO with reliable estimation of their theo-
retical uncertainties;
(iv) calculation of g-factor for the H3∆1 state of ThO to
check an ability of the methods for its accurate theoreti-
cal study.
THEORETICAL DETAILS
In the present paper we have considered the transi-
tion energy between the ground 1Σ+ and the metastable
H3∆1 state (Te), molecule-frame dipole moment (d), ef-
fective electric field (Eeff), the molecule-specific parame-
ter of the PSeN interaction (WT,P ), hyperfine structure
constant (A||) as well as g-factor for the H
3∆1 state of
ThO. The effective Hamiltonian parameters Eeff , WT,P ,
A|| are examples of so-called “atom in a compound”
(AiC) characteristics [30]. The quantities are the mean
values of the operators heavily concentrated in the atomic
Th core and they are mainly sensitive to variation of
core-region spin densities of the valence and outer-core
electrons.
As shown in Refs. [31, 32] accurate and efficient com-
putation of such characteristics can be performed by the
two-step approach [31, 32] utilizing the generalized rela-
tivistic effective core potential (GRECP) method [33, 34].
At the first (molecular) step, the GRECP is used to
exclude the inner-core electrons from a correlation cal-
culation and obtain an accurate description of the va-
lence part of the wave function by an economical way.
Thus, the computational cost of the relativistic molec-
ular calculation is dramatically reduced compared to a
conventional all-electron four-component case (in partic-
ular, due to ability to perform scalar-relativistic correc-
tions, see below). It should be noted that the GRECP
operator also allows one to take account of the Breit in-
teraction very effectively [35, 36]. Second, a nonvaria-
tional restoration procedure is employed [31] to recover
the valence wave function in the inner core region of a
heavy atom. The procedure is based on a proportional-
ity of valence and virtual spinors in the inner-core regions
of heavy atoms. To perform the restoration one gener-
ates equivalent basis sets of one-center four-component
spinors (
fnlj(r)θljm
gnlj(r)θ2j−l,jm
)
and smoothed two-component pseudospinors
f˜nlj(r)θljm
in all-electron finite-difference Dirac-Fock-Breit and
GRECP/ self-consistent field calculations (employing the
jj−coupling scheme) of the same configurations of a con-
sidered atom and its ions [37–40]. These sets, describing
mainly the given atomic core region, are generated in-
dependently of the basis set exploited in the molecular
GRECP calculations. A first-order reduced density ma-
trix obtained at the first step is reexpanded into the basis
set of smoothed two-component pseudospinors. Replac-
ing these pseudospinors by equivalent four-component
spinors one obtains the true four-component density ma-
trix. Taking trace of the product of the density matrix
with the matrix form of an operator describing a given
property one obtains the expectation value of the prop-
erty. Note that the numerical form of four-component
spinors is used which allows one to get a correct behav-
ior of the wavefunction in the core region of a given heavy
atom.
To obtain Eeff one can evaluate an expectation value of
the a T,P-odd operator (discussed in Refs. [17, 31, 41]):
Wd =
1
Ω
〈Ψ|
∑
i
Hd(i)
de
|Ψ〉, (1)
where de is the value of eEDM, Ψ is the wave function
of the considered state of ThO, and Ω = 〈Ψ|J · n|Ψ〉, J
is the total electronic momentum, n is the unit vector
along the molecular axis directed from Th to O (Ω=1 for
the considered H3∆1 state of ThO),
Hd = 2de
(
0 0
0 σE
)
, (2)
3E is the inner molecular electric field, and σ are the Pauli
matrices. In these designations Eeff =Wd|Ω|.
The T,P-odd pseudoscalar−scalar electron−nucleus
interaction with a characteristic dimensionless constant
kT,P is given by the following operator (see [42]):
HT,P = i
GF√
2
ZkT,Pγ0γ5n(r), (3)
where GF is the Fermi-coupling constant, γ0 and γ5 are
the Dirac matrixes and n(r) is the nuclear density nor-
malized to unity. To extract the fundamental kT,P con-
stant from an experiment one needs to know the factor
WT,P that is determined by the electronic structure of a
studied molecular state on a given nucleus:
WT,P =
1
Ω
〈Ψ|
∑
i
HT,P (i)
kT,P
|Ψ〉 . (4)
The Eeff and WT,P parameters cannot be measured and
have to be obtained from a molecular electronic structure
calculation.
The accuracy of calculated values of Eeff and WT,P
can be estimated only indirectly. For this one can cal-
culate the mean value of an operator (within the same
approximation for the wave function) which have compa-
rable to Eeff and WT,P sensitivity to different variations
of wave function but, in contrast, the operator should cor-
respond to the property which can be measured. Similar
to Eeff andWT,P these parameters should be sensitive to
a change of densities of the valence electrons in atomic
core(s). The hyperfine structure constant, A||, is tradi-
tionally used as such a parameter (e.g., see [43]). To
obtain A|| on Th in the ThO molecule theoretically the
following matrix element can be evaluated:
A|| =
µTh
IΩ
〈Ψ|
∑
i
(
αi × ri
r3i
)
z
|Ψ〉, (5)
where µTh is magnetic moment of an isotope of Th nu-
cleus having spin I, α =
(
0 σ
σ 0
)
. To exclude un-
certainty of A|| caused by the experimental uncertainty
of µTh [44] the magnetic moment independent units
µTh/µN·MHz (where µN is the nuclear magneton) are
used in the present paper. Note that because of absence
of experimental data on A|| it is not possible to check the
calculated value of A|| now. As in our previous study of
Eeff in ThO [26] we also calculated the excitation energy,
Te, from the ground X
1Σ state to that of our interest,
H3∆1, as well as the molecule-frame dipole moment of
the H3∆1 state. Both the parameters cannot be con-
sidered as a good check for Eeff , WT,P and other studied
AiC parameters. Nevertheless, the accuracy of somewhat
related information to the properties of interest like the
molecule-frame dipole moment is more relevant than that
of evaluated Te because it checks the quality of the wave-
function obtained for the state of interest and mainly
for the valence electrons. In turn, the differential char-
acteristics like transition energies miss some important
state−specific information for outermost core and even
for valence electrons. It was earlier shown on different
molecules (see [31] and references) that the outer core
spin relaxation/correlation effects can contribute to the
T,P-odd effects considerably, up to about 50% from con-
tribution of the valence electrons whereas these effects
can be negligible for the energetic properties.
In addition we have calculated the value of g-factor for
the H3∆1 state. It is defined as
G‖ =
1
Ω
〈H3∆1|Lˆenˆ − gSSˆenˆ|H3∆1〉, (6)
where ~Le and ~Se are the electronic orbital and electronic
spin momentum operators, respectively; gS = −2.0023 is
a free−electron g-factor. The value of G‖ was extracted
from the experimental datum [45] in Ref. [28]. Note
that the value of G‖ is close to zero for the H
3∆1 state
(and equal to zero in the scalar-relativistic approaches
where radiation corrections to free-electron g-factor are
also omitted). It is a more computationally sensitive pa-
rameter (in the relativistic case) than the other ones con-
sidered here to the quality of the wave function (since
high-order interference contributions between the spin-
orbit and electron correlation effects are important here).
The ThO spectroscopy was earlier studied both experi-
mentally and theoretically in a number of papers [46–49].
First estimate of Eeff in the
3∆1 state of ThO was ob-
tained in Ref. [49]. The experimental measurements of
molecule-frame dipole moments of the ground X1Σ+ and
excited E states were performed in Ref. [46]. In Ref. [47]
a theoretical study of the potential energy curve and elec-
tric properties of the ground state of ThO was done. A
series of relativistic calculations of the spectroscopic pa-
rameters of the ground and excited states were performed
in Ref. [48].
dirac12 code [50] was used to make the two-
component Hartree-Fock calculations and, correspond-
ingly, the required one- and two-electron Hamiltonian
matrix elements. cfour code [51–53] was used to per-
form scalar-relativistic Hartree-Fock calculations as well
as the coupled-clusters ones with single, double (and
non-iterative triple cluster amplitudes). mrcc code [54]
was used to perform one- and two-component coupled-
clusters calculations (with up to quadruple cluster am-
plitudes included) and all of the presented MRCI calcu-
lations. The nonvariational restoration code developed in
Refs. [26, 55, 56] and interfaced to these program pack-
ages was used to restore the four-component electronic
structure near the Th nucleus.
COMPUTATIONAL DETAILS
The 1s− 4f inner-core electrons of Th were excluded
from molecular correlation calculations using the valence
(semi-local) version of GRECP [34] operator. Thus, the
outermore 38 electrons (5s25p65d106s26p66d27s2 (Th)
4and 1s22s22p4(O)) were treated explicitly.
A number of basis sets were used in the present pa-
per. (i) CBas which consists of 6s, 5p, 3d, 3f contracted
Gaussians for Th and 4s, 3p for oxygen. (ii) CBasSO
which consists of 6s, 8p, 5d, 3f Gaussians for Th and
4s, 3p for oxygen. (iii) MBas which consists of 30s, 8p,
10d, 4f , 4g and 1h Gaussians for Th and can be written
as (30,20,10,11,4,1)/[30,8,10,4,4,1], so the only p and f
Gaussians are contracted. This basis is the extension of
the basis used in Ref. [26]. For oxygen the aug-ccpVQZ
basis set [57] with removed two g-type basis functions
was employed, i.e., we used the (13,7,4,3)/[6,5,4,3] basis
set. (iv) LBas: [22,17,15,14,10,10,5][58] for thorium and
aug-ccpCVQZ basis set [57] with removed g-type basis
functions, (16,10,6,4)/[9,8,6,4] for oxygen.
To generate compact basis set, CBas, we used the
procedure developed in Ref. [59]. It is similar to that
employed for generating atomic natural basis sets [60].
The atomic blocks from the density matrix obtained in
the scalar-relativistic calculation of the 3∆ state of ThO
(within the coupled-clusters method with single, double
and non-iterative triple cluster amplitudes, CCSD(T),
and with the LBas basis set) were diagonalized to yield
the atomic natural-like basis set. The functions with the
largest occupation numbers were selected from these nat-
ural basis functions. The results obtained with the given
basis set approximately (within 2-3%) reproduce those
with Mbas basis set. CBasSO, which was used in the
two-component calculations was obtained from CBas by
addition of three p-type orbitals and 2 d-type orbitals. It
is required for accurate reproducing the essentially differ-
ent radial parts of the 5p1/2 and 5p3/2, 6p1/2 and 6p3/2,
7p1/2 and 7p3/2, as well as 5d3/2 and 5d5/2, 6d3/2 and
6d5/2 spinors of Th.
Within the (G)RECP approach it is possible to ex-
clude naturally the spin-orbit effects for valence electrons
only and perform the scalar-relativistic calculations [34].
This leads to considerable computational savings and al-
lows one to use larger basis sets with respect to two-
component study when exploiting the same computa-
tional resources. We used this feature to perform a series
of calculations towards choosing an optimal method of
accounting for electron correlation. Besides it was used
to calculate the correction on the basis set enlargement
for the transition energy between the ground X1Σ+ and
excited H3∆1 states as well as the molecule-frame dipole
moment, Eeff , WT,P and A|| constants for the
3∆1 state
of ThO.
The experimental equilibrium internuclear distances
[61, 62] (3.478 a.u. for the X1Σ+ state and 3.511 a.u.
for the H3∆1 state) were used in the present calcula-
tions. It was shown in our previous paper [26] that the
calculated equilibrium internuclear distances as well as
harmonic frequencies are very close to the experimental
values [61, 62].
ANALYSIS OF UNCERTAINTIES OF
CORRELATION METHODS
It is well-known that the MRCI methods allow one to
reproduce the wave function in the valence region (de-
scribing static and nondynamic correlation effects) more
reliably in general (with number of correlated electrons
up to ∼20) than the single-reference coupled-clusters
ones in complicated cases (such as (quasi)degeneration
of valence levels, dense excitation spectra, few open va-
lence shells, etc.). In the latter case large cluster ampli-
tudes appear in the single-reference coupled-cluster ex-
pansion which can lead to unstable results, e.g., see [63].
However, it is not less known that the dynamic correla-
tion effects (with explicit treatment of outer core shells,
etc.) are much better described by the coupled-clusters
approaches. When both nondynamic and dynamic cor-
relations are important it is often reasonable to apply
some combining schemes like that has been first applied
at the correlation calculations of T,P-parity nonconser-
vation effects in the PbO molecule [64, 65].
The situation with the H3∆1 state in ThO deserves
some particular consideration since it is declared in [29]
that the MRCI method is required to obtain accurate re-
sults for Eeff and other parameters of ThO in the
3∆1
state. To analyze the situation in detail we have per-
formed a number of calculations using different MRCI
and CC methods and the results collected in table I are
discussed below. The calculations were performed within
the CBas basis set using the one-component (scalar-
relativistic) approaches. Note that one should not di-
rectly compare the results from Ref. [29] with the re-
sults given in the table I, as a relatively small basis set
is used in the calculations and the spin-orbit effects for
valence electrons are omitted. However, on the basis of
these calculations one can estimate the importance of
different types of excitations including high-order ones
which are not accessible in the two-component case due
to limitation of computer resources. Only using the re-
sults of calculations which include higher-order excita-
tions in the wave-function one can estimate more or less
reliably the computational uncertainties of “standard”
approaches (exploiting the lower-order excitations only).
The used spin-orbitals were obtained within the re-
stricted open-shell Hartree-Fock (ROHF) method for the
3∆ state of ThO. In the formal ionic model this state
corresponds to the [. . . ]5s25p65d106s26p67s16d1 effective
electron configurations for Th and 1s22s22p6 for O. In the
calculations, the 5s25p65d10 shells of Th as well as 1s2
shell of O were excluded from the correlation treatment.
The explicitly correlated 18 electrons were divided into
three groups originated on atomic states of Th and O: (i)
Closed-shell valence orbitals, 6s26p6(Th) and 2s22p6(O),
i.e., 16 spin-orbitals. The orbitals will be denoted below
as “o”. (ii) Open-shell spin-orbitals, which qualitatively
may be considered as 7s and 6dδ of Th, i.e., six spin-
5orbitals (note that only one of four 6dδ spin-orbitals of
Th is occupied in the reference determinant). The or-
bitals will be denoted below as “v”. (iii) All the other
(virtual) orbitals.
Table I presents the results of correlation calculations
with different methods. The collected values of Eeff ,
A|| and total electron energy are given with respect
to the corresponding values obtained within the two-
electron configuration interaction approach with single
and double excitations (2e-CISD) calculation for conve-
nience (e.g., the spin-orbit contribution to Eeff is about
11 GV/cm, see below), however, the absolute values of
the considered parameters are given in brackets for the
reference 2e-CISD method (see first line in table I). In the
2e-CISD calculation the closed-shell orbitals are excluded
from correlation treatment. The results of lines 2–6 are
given in the order of improving the level of accounting
for the electron correlation. In particular, the MR(12)-
CISD method includes all excitations of the MR(3)-CISD
method, while the MR(∞)-CISD method includes all ex-
citations of the MR(12)-CISD method. The methods
differ by the number of orbitals included into the ac-
tive space of MR-CI method. In paper [29] 24 active
spinors (12 Kramers pairs) are taken at most. The set of
spinors includes six spinors (three Kramers pairs) from
the open-shell space defined above as well as 18 spinors
from the virtual spinor space. The detailed composi-
tion of the spinors is given in Ref. [29]. In our scalar-
relativistic calculations it was not possible to choose the
same orbitals due to their different ordering and compo-
sition within the one-component approach. Therefore,
we have included all the virtual orbitals into the ac-
tive space, i.e., we used the MR(∞)-CISD method. It
takes account of the following excitations: (i) one- and
two-fold excitations from the open-shell space to all the
virtual states, which can be denoted as 1v-, 2v- excita-
tions, respectively; (ii) one- and two-fold excitations of
16 closed-shell valence electrons to all the open-shell and
virtual orbitals, which are denoted as 1o- and 2o- exci-
tations, respectively; (iii) simultaneous “connected” dia-
grams combining different types of excitations, i.e., 2o2v,
2o1v, 1o2v and 1o1v. In line 5 the results of (MR(∞)-
CISDT)4 calculation are given (it is the MR(∞)-CISDT
method limited by 4-fold excitations with respect to the
leading reference determinant). It includes all the excita-
tions treated by MR(∞)-CISD and, besides, the following
two types of excitations: (i) 3-fold excitations from the
valence to open-shell and virtual spaces, 3o-excitations;
(ii) simultaneous combinations of 3-fold excitations from
closed-shell valence space and 1-fold excitation from the
open shells (open-shell orbitals, occupied in the leading
reference determinant), i.e., 3o1v. Note about the differ-
ence between designations in the present paper and those
in Ref. [29]. In particular, MR(3)-CISD and MR3-CISD
mean the same. However, the MR(3)-CISDT method
includes 1o2v, 2o1v, 3o excitations types in addition to
those in the MR(3)-CISD method, i.e., all the types of
triple excitations, while MR3-CISDT includes only 1o2v,
2o1v types of triple excitations. No triple excitations
from the closed-shell valence space to virtual orbital are
taken into account in the MR3-CISDT method. For ex-
citation types of these and other considered methods see
table I. Finally, line 6 gives the results of CISDTQ cal-
culations. The method includes all excitations of the
(MR(∞)-CISDT)4 method as well as 4-fold excitations
from the closed-shell valence space, 4o.
In Ref. [29] the importance of triple excitations from
the closed-shell valence space to six open-shell spinors
(three Kramers pairs) was studied. For this, the re-
sults of the MR+T3 -CISD calculation was compared to
the MR(3)-CISD calculation. The MR+T3 -CISD method
includes all excitations of the MR(3)-CISD plus triple ex-
citation of the closed-shell valence electrons to the open
shell space (no 3-fold excitations of the closed-shell va-
lence electrons to virtual space, 3o, are allowed). The
contribution was small (see lines 7 and 2). Due to a
different technology of correlation treatment (within the
single-active space MR-CI rather than the generalized
active space CI used in Ref. [29]) we were not able to
perform exactly the same type of calculation, but we per-
formed the MR+TQ3 -CISD calculation which also includes
quadruple excitation from closed valence to open-shell
space. In this case we have found that the triple and
quadruple excitations are also not very important (com-
pare lines 8 and 2). “Individual” contribution of 3-fold
excitations from the closed-shell valence space to open-
shell and virtual spaces, 3o-excitations, can be roughly
estimated from comparison of lines 10 and 9 (unfortu-
nately, the results are obtain within different technolo-
gies/basis sets and should be compared with caution,
though, for the MR(3)-CISD method the approaches
give very close results, see line 2). A “formal differ-
ence” between MR(3)-CISDT (line 10, this paper) and
MR3-CISDT (line 9, Ref. [29]) gives contribution of 3o-
excitation to Eeff of about +7.2 GV/cm. Thus, the exci-
tations can almost completely compensate big contribu-
tion of 1o2v, 2o1v excitations found in Ref. [29] from com-
parison of MR3-CISDT and MR3-CISD (see lines 2,9).
Comparison of the (MR(∞)-CISDT)4 and MR(∞)-CISD
results (lines 5 and 4) shows that the sum of 3o- and 3o1v-
excitations also significantly contribute to Eeff (probably,
with different signs). Note that both these methods take
also into account the 1o2v, 2o1v, 2o2v excitations with
respect to the MR(3)-CISD method.
Comparison of lines 6 and 5 gives contribution of
4o excitation type which further increases Eeff with re-
spect to MR(∞)-CISD. Thus, from lines 4 and 6 it is
clear that the MR(∞)-CISD method is insufficient to
treat electron correlation in ThO accurately. This can
be also seen from comparison of total electronic ener-
gies. The difference of energies within the MR(∞)-
CISD and MR3-CISD methods is 0.006 Hartree, while
6TABLE I. The correlation contributions to the effective electric field (Eeff) and hyperfine structure constant (A||) of the H
3∆1
state of ThO molecule in different 18-electron configuration interaction and coupled-clusters calculations relative to 2e-CISD.
The results of lines 2–6 are given in the order of improving the level of accounting for the electron correlation. Considered
excitations types are: “o” means excitations from closed valence space to open-shell and virtual valence space; “v” means
excitations from open-shell valence space to virtual space; 1v, 2o, etc. stand for one-fold v-type excitations, two-fold o-type,
etc. excitations, respectively; 1o1v stands for simultaneous one-fold o-type and one-fold v-type excitations. In the case of single-
reference calculations the open-shell space includes two one-electron functions occupied in the leading determinant, otherwise,
the open-shell space includes six one-electron functions (3 Kramers pairs): s, 6dδ (Th). “+”/“-” means that excitations of a
given type are treated/omitted by a given method; “±” means that excitations of a given type are treated only partly within
a given method; “(+)” means that excitations of a given type are treated only by disconnected diagrams (for coupled-clusters
methods). “OS” means orbitals from the open-shell space.
F leig and Nayak [29] CBas basis set ,
4-comp. 1-comp.
# # Reference Excitation types Method Eeff , A||, Eeff , A||, Energy,
of space 1v, 1o, 1o2v, 2o2v 3o, 4o GV/cm µTh
µN
·MHz GV/cm µTh
µN
·MHz Hartree
act. 2v 2o, 2o1v, 3o1v
els. 1o1v
1 2 Single ref. + - - - - - CISD 0.0 0 0.0 0 0
a (68.5) (-2809) (59.4 b) (-3001)
2 18 3 OS (s, 6dδ) + + - - - - MR(3)-CISD 12.5 -62 12.5 -58 -0.329
3 18 3 OS+9 virt. + + ± ± - - MR(12)-CISD c 6.7 -167
4 18 3 OS+all virt. + + + + - - MR(∞)-CISD 7.8 -129 -0.335
5 18 3 OS+all virt. + + + + + - (MR(∞)-CISDT)4 11.3 -129 -0.356
6 18 Single ref. + + + + + + CISDTQ 12.1 -83 -0.381
7 18 3 OS+all occ. MR+T3 -CISD
f 12.3d,e -36d,e
8 18 3 OS+all occ. MR+TQ3 -CISD
g 13.0 -49 -0.331
9 18 3 OS + + + - - - MR3-CISDT 6.1
d -189d
10 18 3 OS + + + - +,- - MR(3)-CISDT 13.3 -104 -0.346
6a 18 Single ref. + + - - - - CISD 12.4 -48 -0.329
6b 18 Single ref. + + + - +,- - CISDT 14.5 -117 -0.342
6 18 Single ref. + + + + + + CISDTQ 12.1 -83 -0.381
11 18 Single ref. + + (+) (+) (+) (+) CCSD 12.8 -115 -0.368
12 18 Single ref. + + + (+) +,(+) (+) CCSD(T) 11.0 -103 -0.387
13 18 Single ref. + + + (+) +,(+) (+) CCSDT 10.6 -96 -0.387
14 18 Single ref. + + + + + + CCSDTQ 10.4 -93 -0.388
15 18 3 OS+all virt. + + + + (+) (+) MR(∞)-CCSD 10.0 -98 -0.374
16 18 3 OS+all virt. + + + + + (+) (MR(∞)-CCSDT)4 10.3 -91 -0.388
a The absolute values of the considered parameters are given in brackets for the two-electron CISD method only.
b The difference ∼ 11 GV/cm with the corresponding value of Fleig and Nayak is mainly due to the spin-orbit interaction, see
section “Results and discussions”.
c Values of Eeff and A|| calculated within this method are considered as final in Ref. [29].
d vDZ basis set was used in Ref. [29] for this calculation. The given values for MR3-CISDT obtained as
18e-MR3-CISDT/vDZ − 18e-MR3-CISD/vDZ + 18e-MR3-CISD/vTZ − 2e-CISD/vTZ. Values for MR
+T
3 -CISD obtained in
the similar way. The other results from Ref. [29] presented here are obtained with the vTZ basis set.
e The virtual space of spinors was limited by the 5 Hartree cutoff.
f MR+T3 -CISD includes all excitations of the MR(3)-CISD plus triple excitations of the closed-shell valence electrons to the
open shell space (not to the virtual space).
g MR+TQ3 -CISD includes all excitations of the MR(3)-CISD plus triple and quadruple excitations of the closed-shell valence
electrons to the open shell space (not to the virtual space).
7E(CISDTQ)−E(MR(∞)-CISD) is 0.046 Hartree.
Due to its exponential ansatz the single-reference
coupled-clusters approaches CCn (n means that at most
n-fold cluster amplitudes are included in the correlation
treatment) can effectively treat higher-order excitations
than the corresponding single-reference CIn method, e.g.,
the CCSD method effectively accounts for very important
disconnected four-fold [63] and higher-order excitations.
In most cases the single-reference CC approaches work
well when there are no large 1-fold excitations (so called
“t1-diagnostic”) [63]. The maximal 1-fold amplitude for
the 38-electron 1c-CCSD calculation with Lbas basis set
was found to be 0.05 that is small enough. Large ampli-
tudes can lead to bad convergence in series of the CCn
calculations. From table I it follows that in the present
case single-reference CC series converges well, see lines
11-14. In particular, the parameters calculated at the
CCSDTQ level (which explicitly includes all the exci-
tations of the CISDTQ method) almost negligibly dif-
fer from the parameters calculated at the CCSDT level.
Note that the CC energy is not variational and it for-
mally can not be treated as a measure of accuracy of the
results. However, in the case of inclusion of all possible
cluster amplitudes it will converge to the full-CI energy.
The almost coincidence of the CCSDT and CCSDTQ
energies also favours the CC convergence. In contrast,
the convergence of energy (and other properties) in the
single-reference CIn series, CISD-CISDT-CISDTQ (lines
6a, 6b, 6) is rather poor and is not achieved.
To test the importance/unimportance of accounting
for multireference effects within the coupled-clusters
methods we have also performed multireference coupled-
clusters calculation using state-selective ansatz [66]. The
results of the MR(∞)-CCSD and (MR(∞)-CCSDT)4 (by
analogy with the MR(∞)-CISD and (MR(∞)-CISDT)4
methods, correspondingly) are presented in lines 15, 16
in table I. Comparing results of configuration interaction
calculations within the CISD, MR(∞)-CISD, (MR(∞)-
CISDT)4, CISDTQ methods (lines 6a, 4, 5, 6) and cor-
responding coupled-clusters results within the CCSD,
MR(∞)-CCSD, (MR(∞)-CCSDT)4, CCSDTQ methods
(lines 11,15,16,14) one can see that CC-series is much
more stable. Actually, inclusion of triple cluster ampli-
tudes within the single-reference CCSDT or CCSD(T)
leads to a result which is very close to that of the most
elaborate considered CC method (CCSDTQ) in contrast
to CISDT vs CISDTQ.
Finally, one can interpret the results in the following
way: high-order (three- and four-fold) excitations from
the closed and open valence spaces to the space of virtual
orbitals with respect to the leading reference determi-
nant are important. Some part of the excitations can be
considered within the MR(∞)-CISD method (due to the
multireference nature it includes some types of three- and
four-fold excitations with respect to the leading reference
determinant (1o2v, 2o1v, 2o2v-excitations, see table I).
However, it is not enough because important three- and
four-fold excitations from the closed-shell valence space
(3o,3o1v,4o) are missing in the method. On the other
hand effective inclusion of higher-order excitations (for-
mally, up to an infinite order, but for real systems the or-
der is limited by the number of correlated electrons and
the number of iterations in the coupled-clusters calcula-
tion) within the CCSD(T) approach is “almost sufficient”
to obtain converged results.
Theoretical uncertainties of Eeff and other considered
parameters can also come from the specific choice of
one-electron spinors which are used to construct Slater
determinants while the total space of the spinors is
not changed. There are no clear criteria to choose
the “best” spinors. One can use spinors produced in
the Hartree-Fock method, complete active space self-
consistent field method, natural spinors produced by di-
agonalizing the one-electron density matrix obtained at
some preliminary (previous iteration, etc.) calculation.
Obviously, the smaller dependence of the results of cor-
relation calculation on the choice of the spinor set the
better. Here we test the stability of the single-reference
CCSD and CCSD(T) methods as well as the multirefer-
ence MR(3)-CISD method due to small change of one-
electron spinors. Note that in the calculations below
we use different sets of one-electron spinors. However,
in all of the calculations as well as in our previous cal-
culations in Ref. [26] the leading reference determinant
(“Fermi vacuum”) corresponds to the 7s16d1δ(Th) config-
uration and not to the 7s2 one as was mistakenly stated
in Ref. [29] with respect to our previous calculations
[26]. We have performed two-component (i.e., includ-
ing the spin-orbit effects) 18-electron calculations with
the Mbas basis set using the following two choices of sets
of one-electron spinors: (i) spinors obtained in the two-
component average-of-configuration Hartree-Fock calcu-
lation for two electrons in the six spinors (three Kramers
pairs) which corresponds to 7s, 6dδ of Th with all other
electrons restricted to closed shells (i.e., the same scheme
that was used in Ref. [29]); (ii) spinors produced in the
two-component Hartree-Fock calculation of the ground
1Σ+ state of ThO. Due to the absence of one-to-one cor-
respondence between spinors from the two sets it is hard
to estimate the uncertainty of results of the multirefer-
ence methods. Therefore we have not performed MRCI
calculations with larger active space than that in MR(3)-
CI ones. The results are given in table II.
It follows from table II that the single-reference
coupled-clusters calculations are almost irrelevant to the
choice of a spinor set (see also below). Such a small de-
pendence of the results is due to a well-known feature
of the coupled-clusters approaches which include single
clusters amplitudes (CCS, CCSD, CCSD(T) etc.). The
latter are required to account for relaxation effects (e.g.,
see [63]). However, the values of the considered param-
eters within the multireference MR(3)-CISD approach
8TABLE II. The calculated uncertainties of Eeff , A|| and
WT,P due to different choices of set of one-electron func-
tions (spinors) within the two-component (2c) approaches us-
ing MBas basis set. The first set is obtained in the two-
component average-of-configuration Hartree-Fock calculation
for two electrons on six spinors (three Kramers pairs) which
corresponds to 7s, 6dδ of Th with all the other electrons re-
stricted to closed shells. The second set is generated in the
two-component Hartree-Fock calculation of the 1Σ+ state of
ThO.
Method d, Eeff , WT,P , A||,
Debye GV/cm kHz µTh
µN
·MHz
18e-2c-MR(3)-CISD 0.20 (5%) -5.8 (7%) -11 (10%) -306 (11%)
18e-2c-CCSD -0.01 (0%) -0.3 (0%) -1 (0%) -17 (1%)
18e-2c-CCSD(T) +0.01 (0%) -0.2 (0%) -1 (0%) +2 (0%)
have strong dependence on the choice of one-electron
spinors. In particular, the uncertainty of MR(3)-CISD
calculation is 7% for Eeff and 11% for A||.
Due to aforementioned lacks of the considered MRCI
approaches (strong dependence on the choice of set of
one-electron spinors, big theoretical uncertainties with
respect to higher-order correlation methods) we chose
the coupled-clusters approaches as the basic ones for the
two-component calculations given below like that in our
previous paper [26].
OUTER-CORE CONTRIBUTIONS
Due to the size-extensive property of the used coupled-
clusters approaches it is possible to investigate contribu-
tion to Eeff and other parameters under consideration
from different shells of Th. This feature was used to eval-
uate the contribution of the outer core electrons of Th
(5s-5d shells) and 1s(O). For this we have performed the
2c-CCSD(T) calculations within MBas basis set where
these electrons were frozen (i.e., only 18 electrons were
correlated) and compared the obtained value of Eeff with
that from 38e-calculation. The results are given in table
III.
TABLE III. The calculated values of the H3∆1 → X
1Σ+
transition energy (Te), molecule-frame dipole moment (d), ef-
fective electric field (Eeff), parameter of the PSeN interaction
(WT,P ) and hyperfine structure constant (A||) for the H
3∆1
state of ThO using the 2c-CCSD(T) method and Mbas basis
set.
# of act. Virt. orb. Te, d, Eeff , WT,P , A||,
electrons cutoff cm−1 Debye GV/cm kHz µTh
µN
·MHz
18 ∞ 4983 4.13 77.4 107 -2844
38 5 Hartree 5367 4.18 78.4 108 -2814
38 ∞ 5525 4.21 81.7 112 -2922
From table III one can see that the correlation contri-
bution to Eeff from the outer core electrons calculated
as a difference between the 38- and 18-electron calcula-
tions, (see lines 1 and 3) is 4.3 GV/cm. In these calcula-
tions no restriction on the active space of virtual spinors
was used. Fleig and Nayak have performed compara-
tive 36-electron and 18-electron MRCI calculations us-
ing the MR(3)-CISD method [29] and, as a result, they
have concluded that the outer-core electrons negligibly
contribute to Eeff . However, in those calculations the
active space of virtual spinors was limited by orbital
energy of 5 Hartree Such a truncation seems us rather
dangerous since the orbital energies of outer core 5s and
5p1/2, 5p3/2 states are about −12,−9 and −8 a.u., cor-
respondingly, whereas the energies of 5d3/2, 5d5/2 states
are about −4 Hartree. To take account of their correla-
tion/relaxation effects reliably one should involve the vir-
tual states which are largely localized at the same space
region, i.e., their orbital energies (with positive signs)
would be at least about as twice as large by absolute
value as those of corresponding outer core states. To in-
vestigate the consequences of the 5 Hartree cutoff we have
performed additional calculation with the restriction of
active space of virtual spinors, see line 2 of table III. It
follows from the table that the limitation of active space
leads to the similar consequence as freezing outer-core
electrons, i.e., Eeff decreases by 3.3 GV/cm. Analogues
behavior can be found for A|| and WT,P . Basing on this
study one can suggest that all 18-electron calculations of
Eeff have theoretical uncertainly (underestimation) more
than 5%.
Within the MR(3)-CISD calculations performed in
Ref. [29] using vDZ basis set the difference between
transition energies obtained within the 36-electron cal-
culation (1s2(O) is frozen) with virtual space restricted
to 5 Hartree and 18-electron calculation with virtual
space restricted to 38 Hartree was found to be -
90 cm−1. Our corresponding 36-electron and 18-electron
two-component MR(3)-CISD calculations with the Mbas
basis set gave the value of the difference equal to -145
cm−1 (the results do not coincide exactly due to differ-
ent basis sets, possible contribution of Breit interaction
considered in the present work, etc.). We think that the
contribution of the correlation of outer-core electrons can
not be considered in such a way because the MR(3)-CISD
method is nor size-extensive nor size-consistent [63]. Our
size-extensive and size-consistent coupled-clusters calcu-
lations showed that the outer-core electrons contribute
about +540 cm−1 (10%) into the transition energy for
the case of non-restricted virtual space (compare lines 1
and 3 from table III). It should be noted that the contri-
bution to the excitation energy is rather stable with re-
spect to the coupled-clusters method. Scalar-relativistic
calculations with the CBas basis set showed that the
contributions calculated at the CCSD(T), CCSDT and
CCSDT(Q) methods coincide within 60 cm−1.
9RESULTS AND DISCUSSIONS
On the basis of the study given above we have chosen
the coupled-clusters approach as the method to account
for the electron correlation. Due to considerable contri-
bution to Eeff (and other considered parameters) from
the outer-core electrons, the outermost 38 electrons of
ThO were correlated. Our final calculation scheme for
the transition energy between the ground X1Σ+ and ex-
cited H3∆1 states as well as the molecule-frame dipole
moment, g-factor and AiC parameters (Eeff , WT,P and
A||) for the
3∆1 state of ThO included the following
steps: (i) calculation of the main contributions within the
two-component CCSD(T) method and using the MBas
basis set; (ii) calculation of basis set correction within
the scalar-relativistic CCSD(T) method; (iii) calculation
of the correction on iterative triple and non-iterative
quadruple cluster amplitudes; (iv) analysis of different
contributions and error estimates.
To calculate the correction on the basis set enlarge-
ment we have performed (i) 38-electron scalar-relativistic
CCSD(T) calculation using the same basis set as was
used for the two-component calculation, MBas, and (ii)
38-electron scalar-relativistic CCSD(T) calculation using
the extended basis set Lbas. The corrections are esti-
mated as differences between the values of the corre-
sponding parameters. Note that no cuts of the active
space of orbitals by energy were done in the correlation
calculations. In particular, in the 38-electron CCSD(T)
calculation with the LBas all 1204 spin-orbitals were con-
sidered explicitly.
To compute the correction on inclusion of iterative
triple and non-iterative quadruple cluster amplitudes we
have performed: (i) 18-electron two-component calcula-
tion within the CCSD(T) method and (ii) 18-electron
two-component calculation using the coupled-clusters
method with single, double, triple and non-iterative
quadruple cluster amplitudes, CCSDT(Q). The CBasSO
basis set was used in these calculations. The final value
of a considered parameter Y , where Y=Te, d, G‖, Eeff ,
WT,P , A|| of the H
3∆1 state of ThO was obtained as:
Y (FINAL) = Y (38e-2c-CCSD(T), MBas)+
Y (38e-1c-CCSD(T), LBas)− Y (38e-1c-CCSD(T), MBas)
+Y (18e-2c-CCSDT(Q), CBasSO)
−Y (18e-2c-CCSD(T), CBasSO)
(7)
Corrections on the basis set and correlation effects are
given in table IV. It follows from the table that the cal-
culated values of transition energy and molecule-frame
dipole moment are in a very good agreement with the
experimental data from Refs. [61, 62]. The evaluated
g-factor is in a reasonable agreement with experimen-
tal data [28, 45] though, basing on its convergence with
increasing the level of electron correlation we estimate
our theoretical uncertainty for g-factor as 20%. Rather
good agreement for Te, and A|| between 18e-4c-MR(12)-
CISD/vTZ from Ref. [29] and the present one (38e-2c-
CCSD(T)+T(Q) + basis set correction) should be con-
sidered as a “random coincidence” basing on the consid-
eration given in the above sections. For all the considered
AiC properties, the corrections on the basis set enlarge-
ment and increasing the level of accounting for correla-
tion effects (see above) are rather small (<1%). In partic-
ular, a correction to Eeff on inclusion of iterative triple
and non-iterative quadruple cluster amplitudes is +0.1
GV/cm, i.e., it is even smaller than correction on inclu-
sion of iterative triple and quadruple cluster amplitudes
in the scalar-relativistic case, see table I. [68].
To test an importance of accounting for spin-orbit ef-
fects in ThO for AiC properties, table IV presents the
results of one-component (scalar-relativistic) 38e-CCSD
and 38e-CCSD(T) calculations. We have found rather
big contribution of the spin-orbit effects to Eeff , about
10-11 GV/cm (compare 1c-CCSD and 2c-CCSD or 1c-
CCSD(T) and 2c-CCSD(T) results). For the hyperfine
structure constant its contribution is not so dramatic.
In the present paper we have used larger basis sets
both for the two-component calculation (MBas) and one-
component calculations (Lbas) with respect to the corre-
sponding basis sets that were used in our previous work
[26]. One should note that if we take the values obtained
in [26] within the 2c-CCSD(T) approximation and ap-
ply a correction on the new large Lbas basis set we get
Eeff=81.5 that is quite close to the value obtained here
(without correlation correction).
Basing on comparison of calculated Eeff values within
the 18e-4c-MR(3)-CISD method using the vDZ, vTZ
and vQZ basis sets (80.8 GV/cm, 81.0 GV/cm and 80.7
GV/cm, respectively) it was concluded in Ref. [29] that
the vTZ basis set is sufficient to attain a good value for
Eeff . One should note, however, that within a more accu-
rate 18e-4c-MR(9)-CISD method the values of Eeff differ
by about 2.9 GV/cm for the vTZ vs. vDZ basis sets used
(see table IV) that is not negligible (there are no vQZ re-
sults reported for MR(9)-CISD). For a completeness, to
make a certain “direct” comparison with the results of
Ref. [29] we chose the method which allows one to “mini-
mize” its dependence on the basis set choice when taking
the most important correlation effects, the two-electron
configuration interaction with single and double excita-
tions (2e-CISD) method. One can see from the table,
that both our and Fleig-Nayak results agree reasonably
for the transition energy in this case.
Some of possible sources of uncertainties in the AiC
properties calculated here are caused by an approximate
nature of the non-variation restoration procedure and by
impossibility to use the full version of the GRECP oper-
ator (because of limitations in the used molecular codes).
According to our estimations based on different choices of
the equivalent basis sets it can achieve 5% for Eeff . Note
that the value of Eeff obtained within the two-component
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TABLE IV. The calculated values of theH3∆1 → X
1Σ+ transition energy, molecule-frame dipole moment (d), effective electric
field (Eeff), parameter of the PSeN interaction (WT,P ), hyperfine structure constant (A||) and g-factor (G||) of the H
3∆1 state
of ThO using different methods. In four- (4c-) and two- (2c-) component methods spin-orbit effects are taken into account
while in one- (1c-) component methods they are excluded for valence electrons.
Ref Method Te, d, Eeff , WT,P , A||, G‖
cm−1 Debye GV/cm kHz µTh
µN
·MHz
Ref. [29] 2e-4c-CISD/vTZa,b 5929 c — 68.5 — -2809 —
18e-4c-MR(9)-CISD/vDZa,b 5703 — 73.4 — -2936 —
18e-4c-MR(9)-CISD/vTZa,e 5125 — 76.3 — -2947 —
18e-4c-MR(12)-CISD/vTZa,b 5410 — 75.2 — -2976 —
This work 2e-2c-CISDa 5650 a 4.50 70.6 97 -2693 —
Ref. [26] 38e-2c-CCSD(T) 5808 4.32 84 116 -2885 —
+basis set correction e
This work 38e-1c-CCSD 6321 4.30 72.9 102 -3040 —
38e-1c-CCSD(T) 6698 4.23 71.0 100 -2961 —
38e-2c-CCSD 5210 4.28 83.2 114 -2998 0.003
38e-2c-CCSD(T) 5525 4.21 81.7 112 -2920 0.006
basis set correction -208 -0.09 -0.3 0 -29 —
correlation correction +86 +0.08 +0.1 0 +1 0.001
FINAL 5403 4.19 81.5 112 -2950 0.007
Experiment 5321 4.24±0.1 — — — 0.0083
[61, 62] [67] [28, 45]
a To compare with [29] we set R(Th-O)=3.48 a.u. for both 1Σ and 3∆1 states; the vertical excitation energy was corrected by
-100 cm−1 (“non-parallelity correction”), active space of virtual orbitals was limited to 38 Hartree. For other reported
calculation we used experimental equilibrium distances and no cutoff for virtual orbitals.
b vDZ basis set, see [29].
c Note that at the 18e-4c-MR(3)-CISD level Te value calculated within vQZ basis set is lower by 189 cm
−1 than the value
calculated within vTZ basis set, see [29]. No Breit interaction is accounted for in the calculation. Calculations reported in
this work effectively account for main part of Breit interaction within the GRECP operator.
d vTZ basis set, see [29].
e In Ref. [26] smaller basis sets were used both for two-component (to get the leading contributions) and one-component (to
get basis set corrections) calculations than in the present paper, see text.
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2e-CISD using Mbas basis set are bigger than the corre-
sponding values obtained by Fleig and Nayak in Ref. [29]
by 2.1 GV/cm (3%), while hyperfine structure constant
is lower by absolute value 116 µThµN ·MHz (4%), see table
IV. One cannot exhaustively explain the divergence of
the results due to different basis sets, etc. However, we
include it to the final theoretical uncertainty of the AiC
properties.
Earlier in the text we have mentioned about a near in-
dependence of the 18e-CCSD(T) results due to a particu-
lar choice of the set of one-electron spinors. For the final
results given in table IV for both the 1Σ+ and 3∆1 states
we used the same set of one-electron spinors obtained
in the two-component average-of-configuration Hartree-
Fock calculation for two electrons in the six spinors (three
Kramers pairs) which corresponds to 7s, 6dδ of Th with
all the other electrons restricted to closed shells. To
test the stability of the considered parameters due to
the choice of the reference determinant we have per-
formed the 38-electron 2c-CCSD(T) calculations with
the MBas basis set using spinors produced in the two-
component Hartree-Fock calculation of the 1Σ+ state of
ThO. The obtained values of Te (5822 cm
−1), d (4.23
Debye), G‖ (0.005), Eeff (81.7 GV/cm), WT,P (112 kHz)
and A|| (-2927
µTh
µN
·MHz) almost coincide with the val-
ues obtained within the corresponding calculation based
on the spinors from the average-of-configuration Hartree-
Fock calculation (see table IV) as well as in the 18-
electron case discussed above.
In the present calculations we have used the Fermi dis-
tribution of the nuclear charge model for the Th nucleus.
According to our estimations based on comparison of val-
ues of the matrix elements of operators (1) and (5) in the
basis set of 7s and 7p 1
2
functions the uncertainty of Eeff
and A|| due to the change of the nuclear model of Fermi
to the surface distribution of the nuclear charge model is
about 1% and to the point nucleus model is 6%. Obvi-
ously, the latter model is too bad for Th (Z=90). There-
fore, we can conclude that the uncertainties caused by
the choice of the nuclear charge model in the calculated
values of AiC parameters are of order of 1%.
At the second stage of the used two-step method of
calculating the AiC properties a one-center (on Th) four-
component one-electron reduced density matrix is ob-
tained. Using the matrix one can estimate contributions
to Eeff from mixing of s and p, p and d, etc. orbitals.
Using the desity matrix from 2c-CCSD calculation with
the Mbas basis set one concludes that the main contri-
bution to Eeff comes from mixing of s and p orbitals as
expected. However, the contribution from mixing of p
and d orbitals is equal to +1.5 GV/cm, so, it is not com-
pletely negligible. The d−f contribution is about -0.3
GV/cm.
CONCLUSIONS
In the present paper a new series of calculations of
the transition energy between the ground 1Σ+ and the
excited H3∆1 state (Te), molecule-frame dipole moment
(d), g-factor (G‖), effective electric field (Eeff), parameter
of the T,P-odd pseudoscalar−scalar electron−nucleus in-
teraction (WT,P ) and hyperfine structure constant (A||)
of the H3∆1 state of the ThO molecule has been per-
formed. We have compared the calculated parameters
with available experimental data and have found a very
good agreement. To our knowledge, the g-factor is cal-
culated for the first time for the system under consider-
ation. In addition a detailed analysis of correlation con-
tributions and uncertainties of the calculated parameters
has been performed:
• Investigation of the importance of correlation of outer-
core electrons within size-extensive methods showed
that exclusion of these electrons or setting the restric-
tion on the energy of virtual spinors of 5 Hartree in the
36- or 38-electron calculations leads to underestimation
of Eeff by about 4 GV/cm. In particular, it gives the
5% uncertainty to the 18-electron calculations of Eeff .
The size-extensive correlation contribution of the outer-
core electrons to the H3∆1 → X1Σ+ transition energy
is about +540 cm−1 (10%).
•An analysis of correlation contributions to the wave-
function showed that the results of the 18-electron
MR(∞)-CISD can achieve an additional theoretical un-
certainty of about 4 GV/cm (5%) due to absence of
triple and quadruple excitations from the closed-shell
valence orbital (spinor) space to the virtual orbital
(spinor) space. On the other hand the theoretical un-
certainty of the CCSD(T) (estimated as a difference
between CCSDT(Q) and CCSD(T) results) considera-
tion of AiC parameters is negligible (<1%). Besides, it
was shown that no multireference consideration within
the coupled-clusters approaches is required, i.e., even
the single-reference coupled-clusters theory is enough
for the system under consideration.
•Finally, the uncertainty of the multireference configura-
tion interaction MR(3)-CISD method due to a particu-
lar choice of one-electron spinors is 7% for Eeff and 11%
for hyperfine structure constant. It is negligible for the
considered coupled-clusters approaches.
Basing on the above study we conclude that the un-
certainty of Eeff equal to 3% declared in [29] for the final
(18-electron MR(12)-CISD) calculation is notably under-
estimated.
In the new series of 38-electron coupled-clusters cal-
culations (i.e., the outer-core electrons are correlated) of
the effective electric field and other AiC parameters with
respect to our previous study in Ref. [26] we (i) have
12
improved level of correlation treatment by estimation
the correction on inclusion of iterative triples and non-
iterative quadruple cluster amplitudes, (ii) have consid-
ered extended basis set. Finally, the obtained Eeff=81.5
GV/cm and other atom-in-compound properties have
more than twice smaller uncertainty than in our previous
treatment [26], it is now within 7%.
The combined scheme of calculation applied here is
suggested to be used further to investigate other system
prospective to search for electron electric dipole moment
such as ThF+ cation [25], etc.
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